The attack of lithium-ion battery cathodes by stray aqueous HF, with resultant dissolution, protonation, and possibly other unintended reactions, can be a significant source of capacity fade. We explore the calculation of reaction free energies of lithium cobaltate in acid by a "hybrid" method, in which solid-phase free energies are calculated from first principles at the generalized gradient approximation + intrasite coulomb interaction ͑GGA + U͒ level and tabulated values of ionization potentials and hydration energies are employed for the aqueous species. Analysis of the dissolution of the binary oxides Li 2 O and CoO suggests that the atomic energies for Co and Li should be shifted from values calculated by first principles to yield accurate reaction free energies within the hybrid method. With the shifted atomic energies, the hybrid method was applied to analyze proton-promoted dissolution and protonation reactions of LiCoO 2 in aqueous acid. Reaction free energies for the dissolution reaction, the reaction to form Co 3 O 4 spinel, and the proton-for-lithium exchange reaction are obtained and compared to empirical values. An extension of the present treatment to consider partial reactions is proposed, with a view to investigating interfacial and environmental effects on the dissolution reaction. Stray water in lithium-ion batteries reacts with organic electrolytes to generate HF 1,2 which attacks the cathode material and causes irreversible capacity losses.
Stray water in lithium-ion batteries reacts with organic electrolytes to generate HF 1,2 which attacks the cathode material and causes irreversible capacity losses. [3] [4] [5] Most of the families of cathode materials of greatest current interest, including spinel and layered systems, dissolve in acid, with Li-Mn spinel, LiMn 2 O 4 , showing the highest dissolution rate. 3 Acid-promoted reactions can also be beneficial, e.g., in the processing of composite cathode materials [6] [7] [8] and to leach spent cathode materials for metal recycling. 9 Remedies have been implemented to mitigate the effects of acid attack in lithium-ion batteries. 3, [10] [11] [12] Little theoretical analysis has been performed, however, to gain a more fundamental understanding of the reactions or as a tool to screen materials for their acidattack-resistant qualities. Most desirable, in principle, would be the calculation of absolute reaction rates, which are controlled to a large extent by kinetic factors. Unfortunately, despite a long history of kinetic models, 13 the prediction of oxide dissolution rates from first principles 14 is still a distant prospect. The premise of this work is that the reaction free energy ⌬G r , which is more accessible to computation, 15 may still provide useful guidance, even though it does not enable the prediction of dissolution rates.
Accurate calculations of ⌬G r are readily done for reactions for which empirically derived free energies for each reaction species are available. The National Institute of Standards and Technology-Joint Army-Navy-Air Force compilation of formation free energies for ions in aqueous solution and for solid compounds, 16 for example, is convenient for this purpose. Formation free energies for several of the multicomponent electrode materials of interest for lithium-ion batteries, particularly at nonideal stoichiometries, however, are not available in the standard tabulations, and for such systems an alternative approach is necessary.
We propose here to calculate reaction free energies based on a "hybrid" approach in which first-principles treatment is employed for solid phases and empirical quantities are tabulated for aqueous species. In the present work, first-principles density functional theory calculations at the GGA + U level as implemented in the Vienna ab-initio simulation package ͑VASP͒ code, [17] [18] [19] are applied to calculate free energies for the solid phases. First-principles calculations have the advantage of being applicable to any material for which the atomic structure is known, and their accuracy for both molecules and solids has been improving over many years. 20, 21 Moreover, solid-phase free-energy calculations are becoming more widespread. 22 We note, however, that hybrid calculation of ⌬G r makes especially high demands on the absolute accuracy of firstprinciples total-energy calculations because of the lack of error cancellation.
Calculations of the relatively simple dissolution reactions of the binary oxides Li 2 O and CoO enable us to calibrate the accuracy of the hybrid method. We find that the atomic reference energies for Li and Co, which arise in the formulation of the hybrid method, must be shifted from their nominal values ͑obtained from first-principles calculations͒ to obtain reaction free energies consistent with those calculated from empirical-formation free energies.
The prominent lithium-ion-battery cathode material Li x CoO 2 in acid was selected as a model system for application of the hybrid method and to test the transferability of the shifted atomic reference energies. The availability in the literature of empirical-formation free energies of LiCoO 2 23 and CoO 2 24 facilitates such tests. Reaction free energies ⌬G r for several hypothetical reactions of Li x CoO 2 are calculated, including dissolution, spinel formation, and protonation. Explicit calculations are done with x = 1, pH 0, and ambient temperature and pressure; however, treatment of pH and x as variables is straightforward, as in the Pourbaix diagram construction. 25 Results at pH 0, 1 bar, and room temperature are "standard" values, 16 denoted by a superscript zero ͑⌬G r 0 ͒. Before addressing the formal aspects of the hybrid method and their numerical application, we review in the following section some standard reactions for lithium cobaltate in acid.
Reactions of Lithium Cobaltate in Acid
A proton-promoted aqueous reaction with oxide Li x MO 2 that results in a single oxide product phase can be written as
where the coefficients ͑a, . . . ,h;p, . . . ,x͒ are constrained by mass and charge balance; additional possibilities arise if more than one oxide product is allowed. In the following sections we review some possible reactions of Li x CoO 2 in acid that have been proposed in the literature.
Dissolution. 
͓5͔
would require the solvation of trivalent Co and is not considered here.
Protonation.-Another proton-promoted reaction is the ion exchange of protons with lithium. Cobalt oxyhydroxide, 31 HCoO 2 , is generated by the ion-exchange reaction
Ligand-ion attack.-Reactions other than the proton-promoted reactions ͑Eq. 2-6͒ are possible, for example, with the fluorine derived from HF and the electrolyte LiPF 6 . 32 Dissolution reactions are known to be promoted by contact with polyvinylidene fluoride binder in composite electrodes, 30 highlighting the reactions of fluorine. The present analysis, however, is restricted to proton-promoted reactions.
Formulation of Hybrid Method
We outline here the proposed hybrid method for the calculation of the reaction free energy ⌬G r , which is applied to analyze the lithium cobaltate reactions 2, 3, 4, and 6. We express the reaction free energy as
where the first term accounts for the solid-phase contributions and the second for contributions of aqueous species, both of which are treated as bulk properties. The prefix "⌬" denotes a difference between energies of product species and reactant species. Interfacial contributions, e.g., capacitive double-or triple-layer terms at the electrode-aqueous solution interface, may be present in principle; however, they are neglected here.
Solid-phase free energy.-We express the free energy, G͑s i ͒, for solid phase s i , as
where E coh ͑s i ͒ is a modified cohesive energy of compound s i , and G vib ͑T͒, the vibrational free energy, contains the zero-point vibrational energy, E zp , as well as the phonon-occupation contribution to the free energy at temperature T. The modified cohesive energy, which is the energy listed in the output of the VASP code, can be written as E coh ͑s i ͒ ϵ E tot ͑s i ͒ − ͚v͑ j͒E vasp ͑ j͒, where v͑ j͒ is the number of j atoms per formula unit of compound s i and E vasp ͑ j͒ is the VASP atomic reference energy for atoms of type j.
Results of first-principles VASP calculations [17] [18] [19] at the GGA + U level for the solid phases other than CoO 2 ͑see the Appendix͒, represented in Reactions 2-6, are listed in Table I . The selection of GGA + U to represent transition-metal oxides is motivated by the high accuracy of predicted Li-ion battery cell voltages. 33, 34 The effective on-site interaction U-J ͑where U and J are the onsite coulomb and exchange interaction parameters͒ for Co was taken to be 5 eV. 35 We employ the Perdew-Wang 1991 ͑PW91͒ exchangecorrelation functional 36 for both solid phase and neutral atom calculations. Vibrational free energy.-Although the vibrational free energy is relatively small at room temperature and pressure, it is on the order of a few tenths of an electronvolt, not entirely negligible. Furthermore, hydrogen-bearing compounds, for example, in Reaction 6, typically have large vibrational energies.
Calculations of vibrational free energies, G vib ͑T͒, were performed for Li, LiCoO 2 , HCoO 2 , and Co 3 O 4 using codes developed by one of the authors. [37] [38] [39] The lattice dynamical analysis employs spring constants fitted to first-principles calculations of the reaction forces for small atomic displacements in a supercell geometry. 40 Calculated vibrational free energies are plotted in Fig. 1 . Numerical values at 300 K are listed in Table I . The oxides LiCoO 2 , HCoO 2 , and Co 3 O 4 were treated within the harmonic approximation, with thermal expansion neglected. The quasi-harmonic approximation was applied in the case of Li to properly account for the large thermal expansion coefficient and its appreciable effect on the free energy.
Calculations for each material were done for a series of interatomic-force-constant ranges. A range of 3-3.5 Å was found to be satisfactory for the oxides. Zero-point vibrations dominate G vib ͑T͒ at low temperatures. Calculated vibrational free energies for LiCoO 2 at 300 K agree closely with estimates based on Debye and Einstein temperatures derived from calorimetry 41 which yield a value of G vib = 0.296 eV. This empirically derived value differs by only a few hundredths of an electronvolt from the theoretical value listed in the table, 0.253 eV.
The calculation of vibrational free energies for hydrogen-bonded systems, such as HCoO 2 , is complicated by a shallow double well in the potential energy surface 31 associated with H atom motion. Calculations for H at the unstable equilibrium at the center of the double well yield energies about 3 meV higher than in a site displaced by about 0.15 Å toward either of the oxygens, which results in large anharmonic corrections to the potential energy. Relatively minute atomic displacements are used to determine harmonic force constants, which tends to magnify the effect of numerical noise in the calculated forces. The oscillation of protons between the doublewell minima is an additional source of configurational entropy ͑of the order k ln 2͒, not included in the calculations.
Aqueous species free energy.-We express the free energy, G͑aq i ͒, for aqueous species aq i as Table II . Because the VASP atomic reference energy, E vasp ͑ j͒, differs from the atomic ground state energy, a correction must be made to reconcile ⌬G͑s͒ and ⌬G͑aq͒. A VASP calculation for neutral atom i in its ground state yields the energy E gr ͑i͒ − E vasp ͑i͒ ϵ E ref ͑aq i ͒. As described below, E gr is shifted to achieve consistency between reaction free energies calculated with the hybrid method and from empiricalformation free energies. The atomic reference energies, E ref ͑aq i ͒, listed in Table II , are calculated at the GGA level.
Hybrid-Method Reaction Free Energy Calculations
Accuracy.-The accuracy of hybrid-method calculations of ⌬G r depends on the ability of first-principles calculations to represent energy differences for vastly different states of matter: the reactant solid phase energy, G͑s i ͒, and the product aqueous phase energy, G͑aq i ͒, which are subtracted from each other to obtain ⌬G r in Eq. 7. In effect, any error in the chemical potential difference, i ͑s͒ − i ͑at͒, between species i in a solid phase and in the neutral atom is reflected directly in the error in the calculated ⌬G r . The present application, in common with other types of chemical reactions that involve disparate states of matter, 43 therefore cannot rely on the cancellation of errors that occurs when energy differences are taken between relatively similar states of matter. In the present work, we adopt the remedy described in the next section to enhance the accuracy of the calculated ⌬G r . 16 and based on the hybrid method are listed in Table III. The hybrid method predicts reaction free energies, ⌬G r 0 , that are lower ͑more energetically favorable͒ than the empirical-formation energy predictions, considerably more so for CoO than for Li 2 Table IV . Reaction 5 is omitted, because Co 3+ is not included in the hydration energy tabulation used in the analysis. 42 The free energy for the delithiated cobaltate, CoO 2 , was obtained by an extrapolation procedure ͑described in the Appendix͒ using experimentally measured cell voltages to avoid ambiguities introduced by the metal-insulator transition that occurs in delithiated Li x CoO 2 . The last two columns of Table IV show the differences between hybridmethod calculations and empirical-formation energy calculations for Reactions 2-4 and 6; the column labeled ⌬G r 0 ͑hyb-emp͒ is based on unshifted reference energies E ref , and that labeled ⌬Ḡ r 0 ͑hyb-emp͒ employs adjusted reference energies, Ē ref .
Dissolution of Li
The agreement between hybrid-method and empirical-method calculations is considerably improved by shifting the reference energies. Some discrepancy remains in the case of the protonation Reaction 6, the source of which is not investigated further here.
Discussion
Significance of reaction free energies.-The empirical-standard free energies, ⌬G r 0 ͑emp͒, listed in Table IV , for Reactions 2-4 and 6 The label "hyb" refers to the approach described in this work, and the label "emp" refers to calculations based on empiricalformation energies. 16 Calculations for CoO are based on the rhombohedral structure, with an antiferromagnetic spin configuration. The fourth column lists the difference between the second and the third columns. The last column gives the difference between the hybrid calculation with adjusted reference energies, ⌬Ḡ r 0 (hyb) and ⌬G r 0 (emp).
Compound ⌬G r 0 ͑hyb͒ ⌬G r 0 ͑emp͒ ⌬G r 0 ͑hyb-emp͒ ⌬Ḡ r 0 ͑hyb-emp͒ Explicit calculations were presented only for full lithiation ͑x = 1͒. The free energies for Reactions 2, 3, and 6, ⌬G r 0 ͑x͒, decrease to zero, per formula unit of Li x CoO 2 , as lithium is depleted to x = 0, because the reactions require either trivalent Co or protonexchangeable Li. Proton exchange has primarily been observed in Li-depleted specimens.
The preceding discussion addresses only standard free energies ͑denoted by the superscript zero͒, which correspond to pH 0. Under more basic conditions, the driving force for Reactions 3 and 6 increases ͑smaller a/b in the generic Reactions 1͒, relative to Reaction 2. Without knowledge of kinetic factors, of course, no inference is possible regarding reaction-rate variations with pH and x or the relative rates of Reactions 2-4 and 6.
Effect of interface environment.-The sign of the reaction free energy provides information as to whether the reaction is thermodynamically favorable. Unfortunately, the ability to calculate this free energy, developed in this article, does not in itself enable materials to be screened for resistance to dissolution, which would be desirable for battery electrode design. Our approach has been restricted to bulk properties, but the chemistry and structure at the oxideaqueous interface would be expected to play a role in the dissolution process. Before concluding, we briefly outline how such effects might be simulated.
Several more-or-less distinct processes must take place at the surface for the dissolution Reaction 2 to proceed: solvation of Co 2+ , solvation of Li + , and the formation of water molecules. Although these processes cannot rigorously be treated as independent, further development of the simulation is possible only if they are regarded as at least approximately independent. Critical for the dissolution is the solvation of the transition element
Formally, we can regard the free-energy change associated with this partial reaction as
where e is the electron chemical potential and ͑Co s r ͒ is the chemical potential of Co atoms in LiCoO 2 . The absolute value of ⌬G Co 2+ is not necessarily of significance; however, relative values as a function of local chemistry and structure may suggest ways to improve resistance to acid attack. For example, models of the oxide-aqueous interface, e.g., from firstprinciples molecular-dynamics simulations, could be used to determine the detachment energy of an exposed interface atom, which can then be employed in Eq. ͑13͒ instead of the bulk chemical potential ͑Co s r ͒.
Conclusion
We propose a hybrid method, based on first-principles calculations for solid phases combined with empirical-hydration free energies, for the calculation of reaction free energies of complex oxides in aqueous acids. The method has been applied to reactions of LiCoO 2 in acid. The advantage of the approach is that calculations can be performed for materials of arbitrary stoichiometry if the atomic structure is known. A technical difficulty is that effective atomic reference energies cannot be determined entirely ab initio. Nevertheless, we have demonstrated that a set of values for atomic reference energies of Li and Co, obtained from an analysis of binary oxides, is able to accurately account for the energies of several reactions of LiCoO 2 in acid.
Calculated reaction free energies enable assessment of the thermodynamic feasibility of a reaction. An extension of the present treatment, to decompose the net reaction into partial reactions, is Figure 2 . The relative magnitudes of reaction free energies, ⌬G r 0 , per reacting LiCoO 2 formula unit, for Reactions 2-4 and 6 are shown on the ordinate scale. ͓The vertical tieline for Reaction 3 ͑spinel formation͒ is shifted slightly in the figure with respect to Reaction 6 ͑protonation͒ to distinguish the two reactions.͔ The abscissa is the mean Co oxidation state in the product solid phase͑s͒. The parentheses denote the aqueous species in the reaction products. Reaction 2 has the largest thermodynamic driving force, followed by Reactions 3 and 6.
proposed, which may enable interfacial and environmental effects on the reaction free energy to be explored by simulation. 
